Introduction
In contrast to the rich literature on transition metal complexes with the tetradentate Schiff base ligand salen# and, in particular, on the dioxygen af finity of Co(salen) and its derivatives [1] , rather little is known about the corresponding tetrahydrosalen# complexes [2] , Our recent systematic work on the coordination chemistry of the ligand tetrahydrosalen revealed that complexes with most sur prising and rem arkable properties can be obtained, when the ligand carries a specific set of substituents. The nickel(II) complexes Ni{(Bu,X5)[H 4]salen}# (X5 = H, Me, Cl), for example, interact with dioxy gen in organic solvents and are oxidatively dehy drogenated [3] . The corresponding copper(II) com plexes are stable towards 0 2, but in the case of cobalt(II) the interaction with dioxygen is even more pronounced [4] .
The interesting results obtained with complexes based on specifically substituted tetrahydrosalen ligands led us to study the effect of ligand asym metry. The tetrahydrosalen ligand H 2(X) [H4] salen is symmetric in the sense that the two N-bound X X Y benzyl moieties are identical. This is not so in the case of H 2(X )(Y ) [H 4] salen, where the different substituents X and Y introduce asymmetry. The synthesis of asymmetric salen and tetrahydrosalen ligands is by no means trivial. In the present study a simple and efficient synthetic route has been devel oped, leading to the highly asymmetric dihydrosalen ligand H2[H2]L' and the corresponding tetra hydrosalen ligand H2[H4]L1# (see Chart I). The latter ligand reacts with nickel acetate to form the complex Ni[H4]L', which, in aereated organic sol vents, is subject to oxidative dehydrogenation and formation of a "half-salen" complex. In the pres ence of dioxygen, the "half-salen" ligand H2[H2]L' reacts with cobalt acetate to form the "salen" com plex C oL1# (see Chart I).
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The present contribution deals with the synthesis of the asymmetric tetrahydrosalen, dihydrosalen and salen ligands shown in Chart I and the proper ties of the corresponding Ni(II) and Co(II) com plexes, especially with regard to their interaction with dioxygen. In addition, the results of the single crystal X-ray analyses of the complexes Ni[H2]lJ and CoL1 are presented. Inform ation on the struc ture of the symmetric tetrahydrosalen nickel(II) complex Ni[H4]L2# (see Chart I) is included, which is of interest for stereochemical reasons.
Experimental
Unless stated otherwise, the chemicals were com mercial products of reagent grade quality.
Preparation o f the ligands
The preparation of H 2L \ H 2[H2] L \ and H2[H4]L! was based on the tridentate interm edi ates H L 1 = 2-(2-hydroxyphenyl)-3-aza-5-amino-5-methylhexene-2 and H [H 2]L1 = 2-(2-hydroxyphenyl)-3-aza-5-amino-5-methylhexane, respec tively, which were prepared as follows. A solution of 0.136 mol of 2-hydroxyacetophenone in 50 ml of MeOH was added to a solution of 0.136 mol of 1,2-diamino-2-methylpropane in 10 ml of M eOH, and the mixture was refluxed for 30 min. Evaporation of the solvent in vacuo led to the mono-Schiff base H L1 in the form of a yellow-brown oil (yield: >90%), which was characterized by 'H N M R analy sis. The reduction of H L 1 to H[H 2]L ! was carried out by adding 18.9 mmol of Na[BH4] in small por tions to 12.6 mmol of yellow H L 1 dissolved in 50 ml of MeOH. The colourless solution was set to pH 1 with HC1, refluxed for 10 min, concentrated to 5 0-1 0 ml, set to pH 6 -8 with 2 M NaOH, and ex tracted twice with C H 2C12, which was dried over Na2S 0 4. Evaporation of the solvent in vacuo led to slightly brownish, oily H[H 2]L! (yield: 87%), which was characterized by 'H NMR analysis.
To obtain H2L \ a solution of 11.8 mmol of H L 1 (see above) and 11.8 mmol of 3-r-butyl-5-methylsalicylaldehyde [4] in 30 ml of M eO H was refluxed for 30 min and evaporated to dryness. The brown, oily residue was dissolved in hot petroleum ether (b.p.: 4 0 -8 0 °C). Standing of the yellow-brownish solution for 3 -4 h at ambient tem perature led to the formation of a brown oil, which was separated by decanting. The yellow ligand H 2L2 was prepared as follows: a solution of 0.0417 mol of 3-r-butyl-5-methylsalicylaldehyde [4] in 50 ml M eOH was added slowly to a solution of 0.0209 ml of trans-(S,S)-1,2-cyclohexane-diammoniumdi((+)D-hydrogentartrate) [6] in 42 ml of 2 M NaOH. The yellow mix ture was stirred and heated to about 65 °C for 15 min and then cooled in an ice bath. The solid product was filtered off, washed with cold water and recrystallized from hot E tO H to give yellow crystals (m.p.: 124 °C). 
Spectrophotom etric titration
The stepwise addition of pyridine to the various complexes according to (1) (M = Co, Ni) was fol lowed spectrophotometrically in acetone. The determ ination of K.! and K2 by com puter fitting of the A/[py] data (A = absorbance for a given wavelength) is described elsewhere [4, 8] .
X-ray structure determinations
The crystals for X-ray analysis were obtained by slow evaporization of the solvent (Ni[H2]L1: E tO H / petroleum ether (40-80 °C)); Ni[H4]L2: acetone) or by cooling to -2 0 °C (CoL1 in 0 2-stripped di ethylether). Intensities were measured on a four cycle diffractom eter (Philips PW1100 (D arm stadt) or Enraf-Nonius C A D 4 (Basel)) using graphite-m onochrom atized M o -K a radiation (A = 0.71073 A). Cell constants were determined by least-squares methods from 2 6 angles of 25 reflec tions (T = 289 K) on the same instruments. LP and background corrections were applied. Absorption correction has only been applied for CoL1, using psi-scans. The structures of the nickel complexes were solved by direct methods using the program SHELXS-86 [9] . The refinements to the R values given in Table IV were carried out by using all F0 values (program SHELXL-93 [10] ). Hydrogen atoms wereo positioned geometrically (C -H dis tance 0.96 A) and not refined. The structure of C oL1 was solved and refined using the program CRYSTALS [11] . The final positional param eters and equivalent isotropic displacement param eters are presented in Tables V -V II. Lists of anisotropic thermal parameters and atomic param eters of the hydrogen atoms as well as structure factor tables have been deposited [12] .
Results
Synthesis o f the ligands
The synthetic procedure applied for the prep aration of the various ligands is outlined in Chart II. It is based on the 1:1 reaction of the ketone 2-hydroxyacetophenone with the asymmetric diamine l,2-diamino-2-methylpropane, leading to the mono-Schiff base H L 1. The 'H N M R spectrum con firms that, as expected, the ketone attacks the sterically less shielded amino group in the 1-position of the diamine. 
Properties o f the complexes
The VIS absorption of the complexes (see Table I ) clearly reflects the degree of C=N bond hydrogenation of the ligands involved. In agree ment with earlier results [3] [4] [5] , the salen-type com plexes N iL1, NiL2, and C oL1 are characterized by a strong CT band (e = 7000-11,000 M -1 cm -1) at about 420 nm. The absorption of the tetrahydrosalen-type complexes Ni[H4]L1 and Ni[H4]L2 is less intense, with a d -d band at 510-520 nm and a con siderably blue-shifted CT band at about 360 nm. As typically shown in Fig. 1 , the absorption of the di- hydrosalen-type complex Ni[H2]LJ lies in between both types of absorption patterns. The stretching vibration of the C=N and N -H bonds at 1590-1615 and 3140-3320 cm -1, respectively, is observed or missing (see Table I ), as expected from the steps of synthesis outlined in Chart II.
The Lewis acidity of the metal center in the vari ous complexes is differing characteristically (see Table II ). The salen-type and dihydrosalen-type nickel complexes do not add pyridine at all, whereas the tetrahydrosalen-type complexes Ni[H4]L! and Ni[H4]L2 tend to become octahedral by stepwise addition of two molecules of pyridine. As found earlier [3] [4] [5] , the five-coordinate species is less favored than the six-coordinate one, i.e. K! < K2. In contrast to nickel, the cobalt enter in C oL 1 is a weak Lewis acid and adds one molecule of pyridine to become five-coordinate.
The magnetic moments listed in Table III are are small (0.28 and 0.64 BM, respectively), which points to square-planar coordination geometry in all of these complexes. The blue complex Ni[H4]L' • 3 E tO H • H 20 , which loses ethanol and water upon heating in vacuo, has a magnetic mom ent of fiexp = 3.04 BM, which points to octahedral coordination, as achieved by axial addition of water and/or etha nol. As discussed previously [4] , the magnetic mom ent of ^exp = 2.02 BM found for CoL1 is typical for a planar low spin d7 system.
O xidative dehydrogenation o f N i[H 4] U
The tetrahydrosalen-type ligand in Ni[H4]L1 is asymmetric, and its two C -N bonds are thus no longer equivalent. It was most interesting therefore to study the reaction of Ni[H4]L' with 0 2 in acetone in detail. Fig. 2 proves that, in the presence of di oxygen, there is a slow but continuous change in ab sorption, reflecting a color change from red to orange. The time dependence A 366 = f(t) has an in duction phase and is of sigmoidal shape, which is typically found for autocatalytic reactions. After about 6 h, the reaction appears to be half completed and the absorbance slowly approaches a limiting value. The spectrum obtained after 24 h is practi cally identical with that of authentic Ni[H2]L1 (see Fig. 1 ). One learns therefore that the asymmetric tetrahydrosalen-type complex Ni[H4]L' is also sub ject to the oxidative dehydrogenation of one C -N bond. The spectral changes point to the formation of the aldimine Ni[H2]L!. As shown schematically in (2), ketimine formation has to be considered as well. Since the VIS spectrum of the ketimine is most probably not very different from that of the ald imine Ni[H2]L \ the question of aldimine versus ketimine formation cannot be answered conclu sively at present.
Details o f the crystal structures
The view of the coordination geometry of the complex Ni[H2]L' shown in Fig. 3 suggests that the N20 2 set of donor atoms binds the nickel in a square-planar geometry. This is confirmed by the Table V) .
k e tim in e 2) is by 0.065 A closer to the nickel than the amine nitrogen N (l). As expected, the imine bond distance (N (2)-C (13); 1.315 Ä) is clearly shorter than the amine bond distance (N (l)-C (7 ); 1.487 A). The mean deviation from the least-squares plane P (l), formed by the four do nor atoms and the nickel atom, is only ±0.013 A. In contrast to the planar coordination core, however, the skeleton of the ligand is twisted. The phenyl ring of the salicylaldimine moiety (plane P(3)) is vir tually co-planar with the NiN20 2 unit (angle P (l)-P (3 ) = 6.8°), but the second phenyl ring (plane P(2), formed by C (l)-C (6 )), is significantly out of plane (angle P (l)-P (3 ) = 18.2°). Compared to Ni[H2] L \ the view of the coordi nation geometry of the di-Schiff base complex C oL1 (see Fig. 4 ) suggests an overall planarity and also symmetry. The CoN20 2 core (plane P (l)) and the phenyl ring adjacent to the C(7)=N(1) double bond are almost co-planar (angle P (l)-P (2 ) = 5.3°), whereas the second phenyl ring is bent off this plane (angle P (l)-P (3 ) = 16.5°). The two C o -N and C o -O bonds, as well as the two C=N bonds, are of comparable length (see Table VIII ). It follows from the various angles O -C o -O , O -C o -N , and N -C o -N , however, and from the deviations from the least-squares plane P( 1) formed by the CoN20 2 unit, that the coordination plane around the cobalt is slightly more distorted. Knowing the structural essentials of the salentype complex C oL 1 (two C=N bonds) and of the dihydrosalen-type complex Ni[H2]L' (one C=N bond), the results obtained for the structure of the tetrahydrosalen-type complex Ni[H4]L2 are of no surprise (see Fig. 5 ). The NiN20 2 coordination (14) 6340 ( geom etry is again nearly square-planar (see Table VIII ). Due to the hydrogenation of both C=N bonds and the resulting flexibility, however, the skeleton of the ligand ([H4]L2)2_ is strongly twisted, which puts both of the phenyl groups out of the coordination plane (P (l)-P (2 ) = 23.8°; P (l)-P (3 ) = 20.3°). It is im portant to point out that in all of the three complexes the m etal-m etal distance between neighboring complex units is so large (>3.9 A) that interm olecular interactions can be excluded. This is true also for the distance N i-O (acetone) in the crystal of Ni[H4]L2 • acetone. 
Discussion
As reported recently [3] [4] [5] , the nickel(II) and cobalt(II) complexes of specifically substituted tetrahydrosalen ligands are of broad interest be cause of their 0 2-activating properties. The tetra hydrosalen complexes studied so far are all sym metric in the sense that the 2-hydroxybenzyl units attached to the two nitrogen atoms of the bridging ethylenediamine are identical. The present study was undertaken in order to investigate the effect of asymmetry in the coordinated tetrahydrosalen li gands on the behavior of the corresponding nickel and cobalt complexes.
An easy synthetic route to tetrahydrosalen is the hydrogenation of salen. Following this route for the preparation of asymmetric tetrahydrosalen. one has first of all to prepare asymmetric salen as the precursor, which is not trivial. When a diamine H 2N -B -N H 2 such as ethylenediamine (B = (C H 2)2) reacts with two or more equivalents of an aldehyde R -C H O , the di-Schiff base is formed One can try, of course, to use the diamine in great excess and thus shift equilibrium (6 a) to the right and avoid di-Schiff base formation according to (5) . This approach has been tested [13] , but the monoSchiff base R 1 -C H = N -B -N H 2 could not be iso lated, however, and was hydrogenated in situ to form R '-C [14] .
In the present study the principle of steric hin drance was applied (see Chart II). Compared to salicylaldehyde, 2-hydroxyacetophenone is a ketone and thus less reactive as compared to an aldehyde. Compared to ethylenediamine, asym metric l,2-diamino-2-methylpropane offers one ethylenediamine-like amino group (in 1-position), and one (in 2-position) which is much more shielded by two neighboring methyl groups. The second phenyl ring is either twisted (N ifH^L 1) or bent off (C oL1).
A nother characteristic trend is observed for the Lewis acidity of the metal center, as quantified by the equilibrium constant for pyridine addition. In agreem ent with earlier results [3, 4] it is found that the nickel center in the tetrahydrosalen complexes is a relatively strong Lewis acid and tends to be come octahedral. The nickel atoms in the corre sponding dihydrosalen and salen complexes, how ever, do not exhibit Lewis acidity. One can conclude from these findings that the diimine salen-type ligands are shifting more electron density to the nickel atom, which keeps the metal from becom ing six-coordinate. The low spin d7 cobalt center in C oL 1 and similar cobalt complexes [3] inter acts only weakly with pyridine to become fivecoordinate.
Specifically substituted tetrahydrosalen nickel(II) complexes, most remarkably, are able to acti vate dioxygen [3] [4] [5] . There is a Ni -0 2 interaction, raising the reactivity of the "coordinated" oxygen molecule in such a way that it is able to attack the bound ligand, to dehydrogenate one of the C -N bonds and to form the corresponding "half-salen" or dihydrosalen complexes. The results obtained for the reaction of the asymmetric tetrahydrosalentype complex Ni[H4]L' with dioxygen complement our previous findings for symmetric complexes in a twofold way. Firstly, they prove that the ligand asymmetry in Ni[H4]L' does not block the 0 2-activating potential of the complex. Compared to the symmetric tetrahydrosalen complexes Ni[(Bu,X)[H4]salen}# [3] , the rate of reaction in acetone is approximately the same. Secondly, the 0 2-induced oxidative dehydrogenation of Ni[H4]L' affords a dihydrosalen-type complex. The fact that only one C=N bond is formed, parallels the be havior of the corresponding symmetric complexes. The spectral changes observed support the in terpretation that reaction (2) leads to the formation of the aldimine N ifH^L 1. The fact that Co[H2]L \ in the presence of 0 2, is easily converted to C oL1 demonstrates, however, that ketimine formation is also possible. A detailed 'H NMR study of reaction (2) is therefore under way which should decide the question of aldimine versus ketimine formation unambiguously.
A consistent mechanistic interpretation of reac tion (2) is not yet at hand. As reported recently [5] , the Nin/Niln potential is obviously one im portant factor, but the Lewis acidity of the metal center might also be significant. The time dependence of the reaction is of sigmoidal shape (see Fig. 2 ), which points to autocatalysis. It follows from 0 2-uptake studies that the conversion of 1 mol of Ni[H4]L to Ni[H2]L in acetone consumes 1 mol of 0 2 [15] , If w ater is the reaction product of the dehydro genation of the C -N bond, the stoichiometry thus demands another O-consuming reaction, which might well be a solvent-assisted one. In conclusion, further experim ents are necessary to set up a con vincing mechanistic scheme. The present body of inform ation indicates very strongly, however, that steric factors are highly significant. The tetra hydrosalen ligand has to carry two (as in Ni{(Bu,X)[H4]salen}#) or at least one tert-butyl group (as in Ni[H4]L !) to be 0 2-activating. Com plexes such as Ni[H4]L2, which offer a specific stereochemistry, have therefore been chosen for this study. It is hoped that tetrahydrosalen com plexes with ligands based on the enantiomers of cisand rra«s-l,2-diaminocyclohexane will give further insight into the mechanistic details.
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